ABSTRACT Poultry is recognized as the most important source of food-related transmission of Campylobacter jejuni to humans and campylobacteriosis is the most commonly reported zoonotic bacterial disease in the European Union. It has been documented that C. jejuni is genetically diverse and analyses of bacterial isolates usually show a large strain variety. Therefore, molecular typing of strains represents an important tool to study the genetic diversity of isolates and to trace individual strains that cause human infections. The aim of the study was characterization of genetic population structure and antimicrobial resistance (AMR) of C. jejuni isolated from Polish chickens. C. jejuni from chicken ceca and the corresponding carcasses (72 and 61 strains, respectively), originating from 128 flocks in Poland during February 2011 and May 2013, were used in the study. The isolates were tested for their population structure and genetic diversity using a multilocus sequence typing (MLST) scheme with connection to their antimicrobial resistance. The molecular analysis of 133 C. jejuni generated 39 different sequence types (ST); 3 of them were defined for the first time. Additionally, 16 STs were represented by single isolates. The most common STs observed were 6411 (16.5% isolates) and 257 (15.0% strains). The first mentioned ST was resistant to 3 different classes of antibiotics, i.e., quinolones, tetracyclines, and aminoglycosides. Overall, 125 (94.4%) of C. jejuni isolates demonstrated antimicrobial resistance and the most frequent AMR profile observed was ciprofloxacin, nalidixic acid, tetracycline (47.4% strains). Likewise, the clonal complexes CC 257 and CC 353 were defined as the predominant molecular groups covering altogether 37 C. jejuni strains. No associations between CCs and the origin of the samples as well as the place of isolation were found. This study highlights that the C. jejuni population from chickens in Poland was diverse and showed a weak clonal structure.
INTRODUCTION
Poultry is recognized as the most important source of food-related transmission of C. jejuni to humans (Silva et al., 2011; EFSA and ECDC, 2015; Kaakoush et al., 2015) . Many investigations suggest that contamination level of chicken carcasses is considerably high (EFSA and ECDC, 2015; Guyard-Nicodeme et al., 2015) . In Poland, according to data from the multiannual monitoring program, the mean percentage of Campylobacterpositive chicken carcasses during the yr 2009 to 2013 was 54.5% . One of the ways to decrease the prevalence of these bacteria on poultry carcasses is reducing the number of infected chicken flocks. However, campylobacters were found on carcasses even when these microorganisms had not been isolated from chicken ceca upon arrival to a slaugh-C 2016 Poultry Science Association Inc. Received May 30, 2016 . Accepted August 24, 2016 Corresponding author: kinga.wieczorek@piwet.pulawy.pl terhouse (Allen et al., 2007) . The reason for this may be the fact that broiler carcasses become contaminated with Campylobacter during the slaughter process not only by contact with the intestinal content but also from the abattoir environment (Kaakoush et al., 2005) . Furthermore, the subtypes of Campylobacter mostly found in chicken guts are not always the same as those identified on the corresponding carcasses (Allen et al., 2007) . It happens because some C. jejuni genotypes have a better ability to survive during food processing. Furthermore, bacterial strains have different virulence potential in humans and their pathogenicity also may be enhanced by various stress factors present during food production (Habib et al., 2010; Bolton, 2015) . Therefore, it is essential to understand the population structure of C. jejuni at various stages of the food chain in order to design effective intervention strategies.
Nowadays, one of the most effective methods used for typing of C. jejuni is Multilocus Sequence Typing (MLST) (Colles and Maiden, 2012) . The analysis of MLST patterns derived from the combination of the allelic forms of 7 housekeeping genes is able to 703 show a relationship among Campylobacter strains by construction of phylogenetic trees (Dingle et al., 2001 ). This approach is especially suitable for investigation of bacteria with a weak clonal population structure such as C. jejuni. Additionally, MLST has been used to determine C. jejuni reservoirs and to analyze transmission routes of these bacteria from food to humans (Sheppard et al., 2009b; Colles and Maiden, 2012) . Most people suffering from campylobacteriosis usually recover without antimicrobial therapy but in severe cases the usage of macrolides, fluoroquinolones, or tetracyclines is necessary (Silva et al., 2011) . However, such therapy during the last yr has become less effective due to increasing antimicrobial resistance (AMR) of Campylobacter (Bolton, 2015; Guyard-Nicodeme et al., 2015; EFSA and ECDC, 2016) . One of the points at which Campylobacter may acquire resistance is the chicken intestinal tract. Although policy regulations of limited use of antimicrobial drugs in food animals have been applied in the EU Member States, resistance may persist for a long time period (Kim et al., 2008) . In a few reports a link between antibiotic resistance and Campylobacter MLST type was found (Wirz et al., 2010; Kittl et al., 2013; Shin et al., 2013) . Therefore, data regarding AMR profiles supported the investigation of a potential connection and spreading of isolates among different sources (Messens et al., 2009; Perez-Boto et al., 2012 ). In the current study, 133 C. jejuni isolates were examined for the population structure and genetic diversity using the MLST scheme with connection to their AMR profiles. The data generated in the present study delivers valuable information about poultry C. jejuni genotypes from Poland.
MATERIALS AND METHODS

Campylobacter Isolates
C. jejuni was isolated from chicken ceca and the corresponding carcasses originating from 128 flocks in Poland during February 2011 and May 2013 as described before . The samples were taken from 8 geographical regions of Poland, which included all 16 voivodeships (Polish administrative unit, two in each region). The detailed information concerning the number of samples from each region are described in Table 1 .
Antimicrobial Resistance Profiles
The following antimicrobials were used in the study (dilution ranges and cut off values; mg/L): gentamicin (Gen; 0.12 -16; 1), streptomycin (Str; 1 -16; 2), erythromycin (Ery; 0.5 -32; 4), ciprofloxacin (Cip; 0.06 -4; 1), nalidixic acid (Nal; 2 -64; 16), and tetracycline (Tet; 0.25 -16; 2). Details regarding antibiotic resistance examination were described previously . Briefly, the minimum inhibitory concentration (MIC) of the antimicrobial agents was determined using Mueller-Hinton Broth supplemented with 2 to 2.5% horse blood (Trek, Ashford, UK), the Sensititre custom susceptibility plates (EUCAMP; Trek), and the Vision system (Trek).
MLST Analysis
All C. jejuni isolates were typed using the MLST scheme as described (Dingle et al., 2001; Colles and Maiden, 2012) . The primer sets for the DNA amplification and sequencing of 7 housekeeping genes as well as the PCR protocols were from the Campylobacter MLST website (http://pubmlst.org/campylobacter). The BioNumerics software (Applied Maths, SintMartens-Latem, Belgium) version 7.5 was used to assemble the sequences and to obtain the allele identifiers and sequence types (STs) together with clonal complex (CC) information by connecting with pubMLST.net via BioNumerics' MLST online plugin. New alleles and STs were submitted to the pubMLST database.
Phylogenetic and Statistical Analyses
The minimum spanning trees (MSTs) were generated from the obtained data using BioNumerics. The first MST was created from the MLST allele number using the predefined template for categorical data. Additionally, second MST analysis was performed based on the nucleotide differences between 2 entries as a distance measure. The two-tailed chi-square test was used to assess the associations between the host and AMR profile as well as the ST or CC. P < 0.05 values were considered as significant.
RESULTS
C. jejuni MLST Genotypes
Altogether, 128 samplings from ceca and the corresponding carcasses originating from chicken flocks located in all 8 geographical regions were performed. A total of 72 and 61 C. jejuni from ceca and carcasses were isolated, respectively (Table 1) . MLST analysis of 133 isolates resulted in 39 different STs with the most frequent ST 6411 (22 strains) followed by ST 257 (20 isolates). Sixteen STs were found only once among all C. jejuni strains tested. Three new allele sequences had been discovered for loci gltA (3 strains), pgm (one strain), and tkt (one isolate) and were assigned with IDs 450, 736, and 579, respectively. The MLST patterns with new alleles were submitted to the pubMLST database and resulted in the ST numbers 7617, 7618, and 7619, respectively. These STs could not be assigned to any of the already existing clonal complexes. Overall, 12 different CCs covered 90 C. jejuni strains, whereas the remaining 43 isolates did not belong to any of the CCs. Five predominant CCs were represented by CC 257 (28 isolates; 18.0%), CC 353 (13; 9.8%), CC 21 (11; 8.3%), CC 206 (11; 8.3%), and CC 354 (11; 8.3%) ( Table 2 ).
C. jejuni MLST Types and Source of Isolation
Among C. jejuni isolated from ceca and carcasses 30 and 27 sequence types were identified, respectively. Additionally, 12 STs were found only in strains from ceca and 9 STs were unique for chicken carcasses ( Table 2 ).
The most common subtypes (ST 6411 and ST 257) from the intestines (total 26 isolates; 36.1%) were also the most common STs among strains of carcass origin (16 isolates; 26.2%). The most frequent CCs among the cecal isolates were CC 257 (14 strains; 15.6%) and CC 354 (6 isolates; 6.7%), followed by CCs 21, 353, and 206 with 5 (5.6%) isolates in each. Among C. jejuni of carcass origin, the predominant clonal complexes were CC 257 (10 strains; 11.1%), CC 353 (8 isolates; 8.9%), as well as CC 206 and CC 21 (6 strains in each; 6.7%) ( Table 2) .
AMR Profiles and MLST Types
Detailed information on antimicrobial resistance profiles C. jejuni in relation to STs and CCs as well as the source of isolation are shown in Table 3 . The most frequent AMR pattern ciprofloxacin-nalidixic acid-tetracycline was observed among 24 different STs, mainly ST 257 (20 strains; 31.7%) as well as in 8 various CCs. Altogether, this AMR phenotype was identified in 63 (47.4%) C. jejuni tested, i.e., in 31 of 72 (43.1%) isolates from ceca and in 32 of 61 (52.5%) strains from broiler carcasses, respectively. The antimicrobial resistance profile Cip, Nal (total 30 isolates; 22.6%) was observed among 10 different STs and 7 CCs (Table 3) . A significant group of 24 strains (18.0%) was resistant to Cip, Nal, Tet, Str and this phenotype was found mostly among C. jejuni isolates belonging to ST 6411 (21 of 24 isolates; 87.5%), whereas the remaining 3resistant strains were classified as ST 5397, ST 7618, and ST 7619, respectively. Three unusual strains that were resistant to Cip but susceptible to Nal were classified as ST 7309 (also resistant to Str), ST 324 (resistant to Tet), and ST 5397 (resistant to Str and Tet). A significant correlation (P < 0.00001) between antimicrobial resistance profile Cip, Nal, Tet, Str and sequence type ST 6411 was observed, i.e., 21 out of 22 C. jejuni with this ST showed the above AMR. Similar correlation (P < 0.00001) also was found for the strains belonging to ST 257 with AMR phenotype Cip, Nal, Tet. Such antimicrobial resistance profiles were also common among other STs of Campylobacter isolates tested in the present study (ST 872, ST50, ST 122, ST 353, ST 572 ; Table 3 ).
Relationship of C. jejuni Types
Distribution of AMR and MLST types in Polish geographical regions is shown in Table 4 . In each region, from 7 to 13 and from 4 to 7 different STs and CCs were detected, respectively. The most frequent sequence type, ST 6411 (22 isolates), was identified among C. jejuni isolated in all but one (WR) regions of Poland whereas ST 257 (20 strains) was in 5 regions, respectively. Additionally, the most common clonal complex, CC 257, was detected in 7 regions followed by CC 353, which was observed in 6 different geographical areas. Furthermore, AMR profiles Cip, Nal (pattern No. 3; 30 strains) and Cip, Nal, Tet (pattern No. 7; 63 isolates) were found in all regions of the country (Table 4) .
The MST tree showed that the distance measure between 2 entries, based on the allele differences, ranged from one to six. The molecular distance from 5 to 6 alleles to the nearest ST was observed for 7 STs clustering together of 32 strains. Furthermore, the MST analysis revealed that 3 novel identified STs were closely related to the already existing ones, i. 
DISCUSSION
MLST has been applied worldwide for population structure analysis of C. jejuni and it enables easy comparison of the results obtained in different laboratories and, consequently, comparison of the strains isolated from a wide range of sources and hosts (Dingle et al., 2001; Clark et al., 2012) . During the present study it was shown that the Polish C. jejuni isolates were highly diverse with a total of 39 sequence types and 12 CCs among 133 strains examined. Such a kind of Campylobacter population structure seems to be typical in chicken flocks in Poland. The present finding supports our previous results in which another population of 254 Campylobacter isolates from broiler ceca and carcasses, characterized with the pulsed-field gel electrophoresis method, resulted in 154 different PFGE profiles . Genetic diversity of C. jejuni of poultry origin also was described in other studies performed in different geographical locations (O'Mahony et al., 2011; Piccirillo et al., 2014; Llarena et al., 2015; Prachantasena et al., 2016) . However, 3 STs identified in the present study were identified for the first time and had been defined on 3 new alleles shown in 5 strains. Some authors suggested that novel genotypes may represente local clones specified for a country or geographical region but it should be confirmed by further studies (Kittl et al., 2013) .
In the present study, the sequence types ST 6411 and ST 257 were predominant among C. jejuni strains from both the intestines and skin. Furthermore, 12 STs were found only in ceca whereas another 9 STs were specified only for carcasses (Table 2) . Additionally, clonal complex CC 257 was mostly found among cecal and carcass strains with the prevalence of 19.4% and 16.4%, respectively. Some authors reported that certain Campylobacter genotypes might have been able to respond better than others to stress conditions during food processing, whereas others were never recovered from chicken carcasses despite being present in the broiler (Newell et al., 2001; Habib et al., 2009) .
Although a relatively limited number of strains was tested, the samples were likely reasonably representative as they were taken from farms located all over Poland during a 2-year study period. The most common two STs identified (ST 6411 and ST 257) covered together 31.6% of the strains tested. The ST 257 belonging to CC 257 is widespread in chicken and in chicken meat as well as in the isolates from other sources in many countries (Campylobacter PubMLST; http://PubMLST.org). The predominant CCs among C. jejuni identified in the present study (CC 257, CC 353, CC 21, CC 354, and CC 206) partially overlap with the most common CC types reported in other countries such as Sweden, Finland, Thailand, and United Kingdom (Sheppard et al., 2009a; Griekspoor et al., 2010; 2015; Guyard-Nicodeme et al., 2015; Llarena et al., 2015; Prachantasena et al., 2016) . On the other hand, the most common C. jejuni clonal complex CC 21 of chicken origin, described previously by several authors, was presently found in less than 10% of the tested strains (Sheppard et al., 2009a; Kittl et al., 2013; Piccirillo et al., 2014) . Furthermore, another frequently identified sequence type in the current study, ST 6411, was detected before in only 6 isolates from chickens in Poland (Campylobacter PubMLST database). The exact reasons for the predominance of particular C. jejuni genotypes are not known and could be partially explained by determinants that have influence on the C. jejuni population structure such as climate, geography, or overrepresentation of these MLST types in the environment (Llarena et al., 2015) . In the abovementioned database (access 24.05.2016), there is information on a total of 71 C. jejuni strains from Poland (http://PubMLST.org). The vast majority of strains (65 isolates; 91.5%) originated from chickens and belonged mainly to CC 257 (6 isolates) and CC 21 and CC 353 (4 strains of each). These CCs were also the most often found in the current study. However, a large group of the Polish isolates in the database was not assigned to any CC.
In the present study no correlation between the C. jejuni AMR profiles and the geographical region of Poland as well as sample´s origin was found. A similar situation also was observed in our previous studies in which no statistical differences were identified in the frequency of the same antimicrobial profiles among campylobacters that originated either from ceca or carcasses and different parts of the country .
An observation that 92.5% of C. jejuni identified in the current study was quinolone-resistant is in connection with our previous studies as well as with the investigations of other authors (Wieczorek et al., 2013; Duarte et al., 2014; EFSA and ECDC, 2016) . On the other hand, none of the isolates tested was resistant to erythromycin, the antibiotic that is very important in the effective human campylobacteriosis therapy. The interesting observation found by Habib et al. (2010) and confirmed also by Kittl et al (2013) was the clear association between certain C. jejuni STs and quinolone resistance. They showed that isolates of CC 21 were more resistant to this group of antimicrobials than those belonging to CC 45, which rather were associated with quinolone susceptibility. In the current study only 11 C. jejuni were classified as CC 21 and all of them were quinolone resistant. However, the resistance to this class of antimicrobials was very high in C. jejuni of other CCs. Furthermore, 2 strains classified to CC 45 were susceptible to quinolones. In the current study another interesting finding was that 24 C. jejuni strains showed a multiresistant pattern Cip, Nal, Tet, Str and 21 of these isolates (87.5%) were assigned as ST 6411. Such correlation among strains of poultry origin was not observed by other investigations.
It is already known that some CCs such as CC 21, CC 45, CC 48, and CC 257 are mostly connected with human campylobactriosis (Sheppard et al., 2009a,b; Levesque et al., 2013 ). In the current study, 24 (18.0%) strains were assigned as belonging to the last mentioned CC 257. These C. jejuni were isolated from all geographical regions of Poland, both from ceca and carcasses. Furthermore, other clonal complexes connected with human infections also were identified during the present investigation, i.e., CC 21 (11 isolates from 6 regions), CC 45 (2 strains from region P), and CC 48 (3 isolates; regions KI and P). Such observations suggest a high clinical relevance of C. jejuni isolates from chickens, which was confirmed by other studies (Nielsen et al., 2010) . However, 2 common CCs (i.e., CC 22 and CC 42) associated with campylobacteriosis´sequelae were not identified among the isolates tested in the current study.
The data presented in this study support the findings from other countries about a high degree of diversity of C. jejuni population structure coupled with a few predominant genotypes. The most prevalent CCs identified do not fully overlap the predominant CCs from other countries.
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